The rapid urbanization and industrialization of the Manouba plain (Northeastern Tunisia), the extensive agricultural expansion and the succession of dry years during recent decades have exerted greatly load on the water needs and lead to groundwater quality degradation. The aim of this study is to evaluate the processes controlling the groundwater mineralization of the shallow aquifer for determining its suitability for drinking and agricultural purposes. For establishing that, we combine several geological, hydrological and hydrochemical data with geostatistical techniques. The samples were collected at 17 sites covering 230 km 2 of the study area and analyzed for major and trace components. The total dissolved solid (TDS) content ranges from 1372 to 3999 mg/l. The results of Piper diagram indicate that Na + /Cl − and Ca 2+ > Na + /SO 4 2− were the main dominant water types localized in the sloping sides of the watershed and near the saline depression; the suitability for irrigation use was also evaluated. The high concentrations of nitrates and chlorides are indicators of anthropogenic pollution, like the agricultural over application of nitrogen fertilizers and the discharge of domestic and industrial wastewater. Saturation indexes calculated by using PHREEQC (USGS) program show that groundwaters are undersaturated with evaporitic minerals (halite, gypsum) and saturated with carbonates (calcite, aragonite). The use of principal component analysis and hierarchical cluster analysis has shown that two main factors accounting 67.13% of the information of variability within the dataset confirm the existence of dissolution of evaporitic minerals and the mechanisms of nitrate increasing the salinity of the Manouba groundwater.
Introduction
Prediction of pollution trend in groundwater is especially problematic for the reason that aquifer systems are heterogeneous and they have long response times and so difficult to characterize. The salinization of groundwaters becomes a major problem underlying the strategic importance of water resources in all the world, particularly in semi-arid and arid regions, since it places a decisive factor of its use for domestic or agricultural purposes (Edmunds 2003; Saidi et al. 2010; Zghibi et al. 2012; Singaraja et al. 2013; Deepesh and Madan 2015; Choudhary et al. 2016; Gharbia et al. 2016; Raheli-Namin et al. 2016; Nagaraju et al. 2016) . Therefore, the hydrochemical differentiation of the salinization processes can be difficult to identify considering that many processes can induce several chemical signatures of the groundwater. There is a great number of paper (Zouhri et al. 2008; Ketata et al. 2011; Dickson et al. 2011; Zghibi et al. 2012; Twana et al. 2016; Abuelaish and Camacho Olmedo 2016) dealing with the groundwater salinization processes, and also the origin of increased salinity in both coastal and non-coastal areas. Groundwater chemistry reflects whether inputs from the atmosphere, soil and water-rock interaction pathways (weathering) (Park et al. 2005) as well as from pollutant sources such as mining, evaporate dissolution (Sanchez Martos et al. 1998) , agricultural return flows (Stigter et al. 1998; Ledesma-Ruiz et al. 2015; Singh et al. 2015; Tarki et al. 2016) , fertilizer uses (Anju et al. 2010; Farhat et al. 2010) , nitrate contamination (Wick et al. 2012; Zghibi et al. 2013) , domestic and industrial wastes (Babiker et al. 2007 ).
The Manouba aquifer has been selected as the study area. It is an example of the contaminated aquifers in the south Mediterranean area. Recently, it is recognized by a rapid urban and industrial development and by intensive agricultural activities. Therefore, the groundwater resources are mostly exploited for domestic and irrigation uses, leading to its deterioration. Nevertheless, the processes that affect groundwater chemistry in this area are not well understood. Previous geochemical studies in Manouba area (Wedman 1964; Chattaoui 1972; Nacef 1988; Chouari 2013; Khadhraoui 2013; Added et al. 2015) provided preliminary indications on chemical water characterization. However, the spatial expansion of groundwater characterization was not reported in any study. Furthermore, a better evaluation of the origin and the spatial extent of groundwater quality in this area is of strategic importance for water management.
In this study, we compile available geochemical data with multivariate statistical techniques, geophysical and hydrodynamic techniques to the knowledge and prediction of the main factors and mechanisms controlling the quality of the Manouba shallow aquifer. The geographical information tool was also used to create the spatial distribution maps by overlaying available data. This geochemical evaluation furnish insights into how the Manouba aquifer can advance in response to accelerated pressures from the demand for groundwater and will help to protect this vital resource and improve water planning strategies.
Geographic and geologic settings

Geographic setting
The Manouba aquifer is located in Northeastern Tunisia in West of the city of Tunis. It covers an area of about 230 km 2 as the form of an ellipsis where the greater axis is oriented substantially NW-SE (Fig. 1 ). It exhibits a Mediterranean arid to semi-arid climate with hot dry summer and mild wet winter. The average annual precipitation and temperature values are, respectively, below 489 mm and 20°C (INM 2012) . The evaporation has a significant role, and its influence on the repartition of salts is an indirect one (Wedman 1964; Nacef 1988) . The average annual evaporation is about 1370 mm (INM 2012) .
The topography is slightly undulated to the north and the west. The Manouba plain, extending over an area of 53 km 2 , forms a subsident depression bordered by the crest line of Jb. Ammar, Jb. Naheli, Jb. Ain el Krima, Jb. Sidi Salah, Jb. Nadour and by a chain of low-lying hills forming the so-called «Barrier of Tunis». To the south, Jb. Et Tella surrounds the endorheic depression BThe Sejoumi lagoon^(altitude less than 10 m) extending over an area of about 30 km 2 . The drainage system consists of several intermittent rivers that join the lagoon. Gueriana River is the most significant river, draining water from the Oued Lil zone (the southern slopes of Jb. Ammar) towards the Sejoumi lagoon over 15 km flowing in the Manouba plain (Fig. 2) . The role of this river is not limited to the recharge of the aquifer, the collection of surface runoff and discharge to the lagoon, but also it receives the urban and industrial wastewater, allowing a permanent flow (Chouari 2013) .
Geology settings
Recently, several authors have described the regional geology of the Northern Tunisia (Boutib 1998; Kacem 2004; Melki 1997; Mejri 2012; Ouerghi 2014) . The local geology is characterized by high lateral facies variability and tectonic activities (Fig. 3) .
In outcrops, the geological succession extends from the Triassic to the Quaternary. The Triassic series (at Jebel Ammar and Jebel Tella) (Fig. 4) are formed by barioled marl and gypsum with an abnormal contact with the limestone marly series of Barremian (Boutib 1998; Kacem 2004; Melki 1997) . The Manouba plain is surrounded by several hills composed by a sedimentary succession series extending from the Cretaceous to the Quaternary (limestone, sandstone, marls and claystone series) dipping towards the center of the watershed. These sediments, belonging to the Cretaceous and the Eocene, are covered with continental deposits from the Mio-plio-quaternary. These layers are partly eroded on the surrounding hills and covered with fluvial Quaternary material (Wedman 1964; Pimenta 1959) . In the axial area, the total thickness of the Mio-plioquaternary series and Quaternary sandy and sandy clayey deposits is more than 600 m (Fig. 5) . 
Hydrogeology settings
The geomorphological features represented by digital elevation model (DEM) and the active tectonic environment make the Manouba area a host for several aquifers. The groundwater resources are evaluated at 8.5 Mm 3 /year. More than 1212 wells equipped with motor-driven pumps and extracting about 5.7 M m 3 /year were registered in 2015. Geophysical investigations and boreholes recompleted recently have allowed several details to understand the hydrogeology context of the study area (Mejri 2012; Ouerghi 2014) . The reservoir consists of clayey-sandy and clay-sand alluvial deposits from the Plioquaternary and Quaternary continental materials. According to Nacef (1988) , these deposits lie the major part of the shallow aquifer. The substratum is recognized by marly and clayey Cretaceous series.
The supply of the groundwater is ensured by the direct inputs (infiltration of precipitation) and by the reliefs that surrounded it. The Sejoumi lagoon is considered the only natural discharge system that receives the most of the flows. Hence, the groundwater converges towards the umbilicus of the lagoon where it evaporates.
In order to trace the piezometric map of the Manouba aquifer (Fig. 6) , a measurement campaign of the groundwater was (Boutib 1998) , modified made in December 2014. The layout of this map reveals different domains and the isopiezometric curves following the form of the topography. From Jb. Ammar to Manouba plain, the piezometric values are decreasing and the isopiezometric curves are almost equidistant and parallels to the Gueriana river and generally show a high hydraulic gradient probably due to the clayey sandy reservoir rock. This river plays a decisive role for the drainage of the aquifer. We can assert that the northeastern area is the essential recharge zone for the Manouba plain (water collection area). In the western region (Sidi Hsine-Sejoumi), the isopiezometric curves reflect a flow from Jb. Ain krima and Jb. Sidi Salah towards the Sejoumi lagoon with an average hydraulic gradient. In Fouchana plain, the isopiezometric curves generally follow the form of the lagoon from the hills of the southern recharge area from Mohamedia (Jb. Nadour and Jb. Tella) with a low hydraulic gradient. The eastern region (the Barrier of Tunis) shows a second groundwater discharge zone and represents a second piezometric downstream part. The groundwater essentially flow is towards the Sejoumi lagoon which represents the principal outflow of all the aquifer.
Materials and methods
The base maps (hydrologic, topographic and geologic maps) of the study area were scanned and digitized in the scale of 1:50,000. ArcGIS 10.1 and Surfer 12 softwares were used to map and analyze the data for the evaluation of groundwater quality.
GIS analysis
A software platform (ARCGIS 10.1) was developed to improve the sorting, analysis, calculations, visualizations and interpretations of hydrogeochemical data in a GIS environment. The GIS platform allows the generation of maps of the spatial distribution of parameters in this work. Spatial patterns of groundwater quality parameters, over the area, such as TDS, chloride, nitrate and sulfate concentrations, were carried out using the Kriging method.
The Kriging method is the most important geostatistical procedure that generates an estimated surface from scattered points with z-values. Contrary to other interpolation methods, to use the Kriging tool implies an interactive investigation of the spatial behavior of the phenomenon represented by the zvalues before selecting the best estimation method for generating the output surface (ESRI 2017).
Sample analysis
A total of 17 groundwater samples were collected during December 2014 and analyzed for chemical parameters using standard procedures. The selected wells are uniformly distributed over the study area (Fig. 5) . At the time of sampling, the samples were collected after pumping for 10 min from open dug wells. The sampling bottles were thoroughly rinsed two to three times. This was done to remove groundwater stored in the well. Immediately after sampling, pH was measured in the field using a multi-parameter WTW (Thermo Russel Model pH meter); electrical conductivity (EC) and Temperature (T) were measured using a pH-T-EC meter. Water samples were collected in 1000-ml polyethylene bottles with poly-seal caps for major elements. The groundwater sampled bottles were labeled, tightly packed and transported immediately to the laboratory of Hydrology and Isotopic Geochemistry from the National Center for Nuclear Sciences and Technologies (CNSTN) of the Technological pole of Tunisia when they were immediately filtered through 0. ) concentrations were determined titrimetrically using 0.02 N ethyl diamin tetra acetic (EDTA). Bicarbonate (HCO 3 − ) concentrations were determined by titration with 0.1 N HCl acid. Concentrations of sodium (Na + ) and potassium (K + ) were measured by flame photometry.According to the Freeze and Cherry (1979) charge balance definition, the chemical analyses for charge balance were defined as follows:
z is the absolute value of the ionic valence, m c is the molality of the cationic species and m a is the molality of the anionic species. The value of the ionic balance error for the chemical analyses may be within the acceptable limit of ± 5% of all hydrochemical datasets. The suitability of groundwater for domestic or agricultural purposes was estimated by comparing the values of the groundwater quality constituents with those of the World Health Organization (WHO 2004) . The adapted methodology in this study is summarized as follows (Fig. 7) .
Results and discussions
Mineralization of groundwater
The reactions between groundwater and the mineral compositions of the rocks influence the groundwater's chemistry and are useful in understanding the origin of the mineralization (Ledesma-Ruiz et al. 2015) . Temperature of water samples varies in a range between 14.7 and 22.5°C, close to the yearly average temperature 20°C (Table 1) . The pH values are all neutral and fall within the range of 7.15 to 7.8. The Table 1 illustrates that groundwater in most of the Manouba phreatic aquifer exceeds the WHO TDS permissible for drinking water (TDS < 1000 mg/L) (Davis and De Wiest 1967; WHO 2004) . The total dissolved solid (TDS) values range from 1372 to 3999 mg/l with a mean value of 2066.07 mg/l. High concentration of TDS is registered in the southeastern part of the watershed (M17 with 3351 mg/l) due to leaching of salts from soil and also in the northwestern part (M1, M2, M3, respectively, 3999, 3112 and 3296 mg/l) where domestic sewage may percolate into the groundwater. Both in the case of nitrate and chloride, the highest concentrations were found in the northern urban area (respectively, 66.5 and 1674.34 mg/l). The lowest were found in the natural mountainous area in Jb. Sidi Salah. The sulfate concentration in this study area ranges between 273 and 1744 mg/l with an average value of 681.03 mg/l which indicates that all the samples out the desirable limit for drinking water (150 mg/l). It should be noted that the geochemistry of the study area is not homogenous. The available carbonates and sulfates in the rocks of the Manouba area might have been dissolved and thus added to the groundwater system during rainfall infiltration, irrigation and groundwater movement.
Hydrogeochemical facies
Trilinear diagram (Piper diagram)
The projection of the water sample results in the Piper trilinear diagram (Fig. 8a) and Durov plot highlights the presence of cation exchange and salinization process or softening water from Manouba basin (Appelo and Postma 1993) . The groundwater quality in the study area can be classified into five hydrogeochemical facies taking the ionic percentages in the relative decreasing order of their abundances ( SO 4 2− facies have the SO 4 2− as the dominant ion. The amount of dissolved sodium may be mostly influenced by the processes of cation exchange.
Durov diagram
Durov diagram is a composite plot consisting of two ternary diagrams where the milliequivalents percentages of the cations of interest were plotted against that of anions of interest: sides form a central rectangular, binary plot of the total cations vs. total anions concentrations (Ravikumar 2015) .
Durov diagram provides more information on the hydrochemical facies by helping to identify the water types, and it can display some possible geochemical processes that could help understanding the quality of groundwater and its evaluation (Ghoraba and Khan 2013). The Durov diagram for the major cations and anions was plotted using RockWorks 15 software as given in Fig. 8b . The Duorv plot for Manouba groundwater samples indicates that most of the samples are in the phase of mixing dissolution with few in reverse ion exchange. From the data plots, it is apparent that the 
Correlation coefficient matrix
Correlation matrix was processed for all data sets by using the STATTISTICA 8 software. The data matrix is the matrix of data of dimension x*i, where Bx^is the number of well sampling observed (x = 1.....17) and Bi^is the number of variables (as TDS and major ions) measured in all samples. Table 3 displays the association between variables. From correlation matrix, we noticed significant correlations between salinity and mineral salts, especially sodium (r 2 = 0, 88), magnesium (r 2 = 0, 77) and chloride (r 2 = 0, 7). Chloride is strongly correlated with sodium (r 2 = 0.84). The correlations indicate that HCO 3 − is positively (but moderate) correlated with Na + (r 2 = 0.51), but negatively correlated with Ca 2+ (r 2 = − 0.19) and SO 4 2− (r 2 = − 0.03). This is consistent with solutes which are removed from solution gradually by a variety or combination of mechanisms, such as mineral precipitation and cation exchange (Eugster and Jones 1979) . In this case study, the amount of dissolved sodium is most probably influenced by the processes of cation exchanges (Wedman 1964 ).
Geochemical stability
Saturation index (IS) has helped us to evaluate the main processes controlling water-rock interaction and the evolution of water chemistry. A comparison of the activities in water samples (ion activity product) and activities at equilibrium (solubility product), which result in the saturation state, helps to assess the evolutionary stage of the groundwater sample and identify the controlling geochemical reactions (Farhat et al. 2010; Ben Hamouda et al. 2013; Ledesma-Ruiz et al. 2015) . PHREEQC software was used to calculate the IS for the groundwater samples (Parkhurst and Appelo 2013) .
Saturation index (IS) = log [ion activity product]/KT. KT = equilibrium constant at temperature T. The increase in TDS in the analyzed waters could arise from the dissolution of evaporate minerals such as halite, anhydrite and gypsum. Gypsum and anhydrite are quite abundant, particularly in the Manouba aquifer. The results (Table 4 ; Fig. 9 ) show that waters are undersaturated with respect to anhydrite and halite minerals.
A clear trend with growing TDS suggests that the soluble components are not limited by the mineral equilibrium. Thus, the dissolution of these minerals may occur. The majority of groundwater samples are saturated to oversaturated with respect to the calcite and the dolomite which are slightly soluble minerals. Precipitation of CaCO 3 is still supported by the generally positive saturation indices (SI) for calcite. Locally, carbonate oversaturation could be due to an input excess of Ca 2+ and Mg 2+ ions from silicate weathering processes. This has especially been the case in the Manouba plain and near the lagoon area, where the flow velocities are low and the clay content of the aquifer is elevated. The dissolution of the dolomite can be inferred from the latter (Iranmanesh et al. 2014) . The Ca 2+ ions provided from the dissolution of sulfate minerals should be recaptured by the calcite precipitation, which is in agreement with the calcite saturation values (Farhat et al. 2010) . 
Spatial analysis with GIS
The degradation of the groundwater quality, from the north to the south, follows the general groundwater flow direction of the shallow aquifer (contaminant percolation). According to Wedman (1964) , the SE part of the lagoon is underlain at a shallow depth of the Eocene limestone sub-aquifer. The dissolved salt content is so elevated near the lagoon considering the increase of evaporation in this area and groundwater that dispersed near the surface (at depths less than 5 m). The increase of salinity, in the Bejaoua area (in the southern slopes of Jb. Ammar), is accompanied by chlorides and nitrate concentration increase (Fig. 10a) . This region is increasingly occupied by urbanization which confirms the anthropogenic sources of groundwater pollution like domestic and industrial waste discharges, municipal effluents… The increase of chloride concentration in the water is ordinarily considered as a tracer for contamination and taken as an index of pollution (Loizidou and Kapetanios 1993) . From WHO (2004), chloride originates from natural sources, likewise sewage and industrial effluents, urban runoff and saline intrusion. Water samples from shallow monitoring wells in Northwestern urban areas (From Djedaida to Manouba plain) had the highest concentrations of chloride, respectively, 1674.34, 943.52 and 961.38 mg/l. Increases in chloride loads in this area may be related to the heterogeneity of factors, including essentially the wastewater discharge increase and leachate from landfills. The concentrations of NO 3 − in the groundwater are observed between 1.01 and 52.28 mg/l ( Table 1) . The groundwater shows a very low content of nitrates along the northwest region. According to Mencio and Mas-Pla (2008) , the nitrate has not a lithological source. In natural conditions, the Therefore, the increase of nitrate concentration, exceeding 10 mg/l, is an indication of anthropogenic pollution. In this study, all samples show high nitrate concentration (> 10 mg/l) mainly due to the influence of the crop fertilization and the human activities that deliver nitrate to groundwater. On the other hand, the increase of salt content is accompanied by an increase of sulfate in the Southern area (Fig. 10d) . The highest SO 4 2− content and the positive correlation between Ca 2+ and SO 4 2− (r 2 = 0.96) in the groundwater samples suggest the dissolution of gypsum (Triassic outcrops in Jb. Tella). On the other hand, especially in the southern part of the lagoon (the Fouchana plain), the groundwater depth is very low with a significant evaporation in which it causes the dissolution of evaporates like anhydrite and gypsum (CaSO 4 ·2H 2 O). The positive correlation between Mg 2+ and SO 4 2− (r 2 = 0.48) and the contribution of MgSO 4 fertilizers highlights the significant role of the return flow from irrigation water in these agricultural regions.
Principal component analysis BPCA^and cluster analysis
Multivariate statistical techniques were used for grouping individuals or objects into unknown groups. These techniques can be used to group the commonly collected water quality data, where each cluster indicates the water of a particular quality. Several studies used these techniques to successfully classify water samples such as USSL 1954 , Belkhiri et al. (2010 , Arnous and El-Rayes (2012), Iranmanesh et al. (2014) , EBLIN et al. (2014) , Corniello and Ducci (2014) , Masoud 2014 , Zghibi et al. (2014 , Ravikumar and Somashekar (2015) . Comparisons based on multiple parameters from groundwater dataset were made and the samples were grouped according to their Bsimilarity^to each other.
The hydrochemical results of all the samples are statistically analyzed employing STATISTICA 8 software. The variables (TDS, calcium, magnesium, sodium, potassium, sulfate, chloride, nitrate and bicarbonate) and 17 well sampling were analyzed adopting multivariate statistical techniques. The results of the factor analysis using the principal components and varimax rotation are presented in Table 5 . To view the relationships between different parameters, a principal component analysis BPCA^was performed. The principal component analysis allowed the discrimination of two axes which combine already 67.13% of the information. The axis F1 explains 42.42% of the variability in the parameters. The axis F2 has 24.71% of the variability of the parameters (Fig. 10) .
From PCA, it reveals that TDS, Na
, Ca 2+ and SO 4 2− are very near to the correlation circle and are very well represented on the mapping (Fig. 11a) . This shows that these elements are strongly correlated, and therefore, they probably have a common origin. In contrast, HCO 3 − , NO 3 − and K + indicate that the provenance of each variable is mainly independent of each other. The results of the factor analysis are similar to the results of the correlation analysis. Based on distance matrix, the dendrogram of cluster analysis between variables highlights that variables (Fig. 11b) gather into four different clusters. The first one (C1) formed by TDS, chloride and sodium. The remaining variables, bicarbonates, calcium, magnesium and sulfate have a moderate correlation with the first group, formed the second cluster (C2). Hydrolysis of evaporite rocks and dissolution of carbonate rocks can explain the dominance of Na + and Mg
2+
as cations and Cl − and SO 4 2− as anions in groundwater. These ions are derived from the weathering of rocks and hydrolysis of evaporate and some carbonate minerals locally in the continental part of the watershed. The third cluster (C3) includes the nitrates, which have a very low correlation with the other ions. This cluster highlights a mixed groundwater with an anthropogenic source (agricultural activity using chemical fertilizers). It certainly proves an anthropogenic pollution. The fourth one (C4) including potassium which has the less correlation with the others. That can be reflecting that this ion does not play an important role in the mineralization of waters. Water suitability for irrigation use
The sodium adsorption ratio (SAR) is a measure of the assessment of groundwater quality for irrigation purposes. The calculate of the SAR has become useful because surface water is not always available and irrigation wholly related on groundwater. Groundwater with elevated sodium content is not suitable for agricultural purpose as it tends to deteriorate the soil (Sarath Prasanth et al. 2012) . Therefore, as regards groundwater irrigation suitability, United States Salinity Laboratory Staff (USSL 1954), the SAR diagram was used to rate the samples. SAR is a measure of alkali/sodium hazard to crops and it was estimated by the following formula:
Sodium, calcium and magnesium are in meq/l. Irrigation water with high SAR values can apply a longterm soil change and damage, because the sodium in the water can displace the calcium and magnesium in the soil. This can cause a decrease in the water infiltration and problems in the permeability causing crop production problems. In this case study, the results show that the majority of the samples is found in C4S2 which are classified unsuitable for irrigation (Fig. 12) . While, only four samples collected showed a C4S1 classification with low SAR permissible for irrigation and five sampling sites are found in C4S3 class with high salinity and high alkalinity hazards, respectively. These results reveal that the water near the mountains zones is permissible for irrigation while contamination occurs higher essentially in the south near the Sejoumi lagoon and in the northern area. This may be due to the extension of the agricultural activities and the excessive use of the chemical fertilizers for irrigation practices. For this, special management plan for groundwater chemistry control became necessary.
Conclusion
Adopting several methods such as satellite data (SRTM data, 30 m resolution), conventional maps, hydrochemical data, Geographic Information System utilities and statistical techniques demonstrate the anthropogenic inputs and natural sources of groundwater mineralization processes. The Manouba shallow aquifer shows a centripetal groundwater flow and a gradual increase of its total salt content towards the central west of the basin, where evaporation balances the inflow. : SO 4 2− facies. Spatial maps of groundwater quality parameters (TDS, chloride, nitrate and sulfate concentrations) indicate the distribution of the most areas affected by salinization. The increase in groundwater quality from the northeast to the southeast areas following the general groundwater flow direction is attributed to the percolation of contaminants in the shallow aquifer. The increase of nitrate concentrations (1.01 < NO 3 − < 52.4 mg/l) exceeding 10 mg/l is an indication of anthropogenic pollution which is mainly due to the high use of fertilizers in the agricultural activities in Fouchana plain and to the discharge of domestic wastewater in the urban area. Increased salinity (TDS achieve 3350 mg/l) with excessive sodium content (204.7 < Na < 554.3 mg/l) in the groundwater makes it unsuitable for irrigation. The SAR diagram shows that the majority of the groundwater samples are characterized by doubtful to unsuitable for irrigation. The contribution of MgSO 4 fertilizers highlights the significant role of the return flow from irrigation water in the agricultural regions.
Factor analysis identified the water quality variables responsible for spatial variations of the aquifer and estimated their loads. Two main factors accounted for 67.13% of the information of variability within the dataset. Factor 1 accounts for 42.42% of the variability in parameters and factor 2 for 24.71%. The first factor is strongly loaded with the salinity enhancement resulting mostly from the dissolution of evaporites minerals specially near the lagoon and near the Triassic outcrops. The second one contains HCO 3 − , NO 3 − and K + indicating that the origin of each variable is mainly independent of each other.
The higher values of the dissolved anions and cations in the Manouba area are caused simultaneously by the influences of geogenic sources (ion exchanges, salt evaporation, mineral dissolutions etc.) and anthropogenic (domestic and industrial wastewaters and excessive use of chemical fertilizers) following the topographical, geological and water flow-path conditions. This situation was patterned after the rapidly urbanizing of Manouba plain in the northern area and the intensification of the agricultural practices in the southern area.
Finally, we believe that this paper helps to improve our understanding of the Manouba shallow aquifer contamination origins and could help expedite areas for future sustainable groundwater development plans.
